Abstract-We report on the implementation of an automated platform for detecting the presence of an antibody biomarker for human papillomavirus-associated oropharyngeal cancer from a single droplet of serum, in which a nanostructured photonic crystal surface is used to amplify the output of a fluorescencelinked immunosorbent assay. The platform is comprised of a microfluidic cartridge with integrated photonic crystal chips that interfaces with an assay instrument that automates the introduction of reagents, wash steps, and surface drying. Upon assay completion, the cartridge interfaces with a custom laserscanning instrument that couples light into the photonic crystal at the optimal resonance condition for fluorescence enhancement. The instrument is used to measure the fluorescence intensity values of microarray spots corresponding to the biomarkers of interest, in addition to several experimental controls that verify correct functioning of the assay protocol. In this paper, we report both dose-response characterization of the system using anti-E7 antibody introduced at known concentrations into serum and characterization of a set of clinical samples from which results were compared with a conventional enzyme-linked immunosorbent assay performed in microplate format. The demonstrated capability represents a simple, rapid, automated, and high-sensitivity method for the multiplexed detection of protein biomarkers from a low-volume test sample.
I. INTRODUCTION
T HE last decade has seen a heightened interest in the discovery of new biomarkers and the development of more sensitive and specific biosensors for the screening, diagnosis, and monitoring of diseases at the point of care (POC). Cancer is commonly diagnosed via biopsy, which is highly invasive and impractical for serial sampling to monitor the efficacy of treatment. Biopsy is also inadequate for the detection of cancer in the early stages, when the likelihood of a palpable tumor is lowest and positive prognosis is highest [1] - [3] .
Unlike the traditional biopsy, a liquid biopsy involves the detection of biomarkers within bodily fluids, such as blood, which can be obtained in a minimally invasive manner [4] - [6] . Blood-based protein [3] , [7] - [11] , nucleic acid [12] - [16] , and circulating tumor cell [17] , [18] biomarkers continue to be identified and clinically validated. It is now widely recognized that panels, rather than individual biomarkers, are necessary for accurate cancer identification and patient stratification [3] , [4] . Integrated with a microfluidic platform, liquid biopsies are especially suitable for testing a few droplets of sample for multiplexed biomarker screening, early diagnosis, routine monitoring of treatment effectiveness, and regular follow-up for detecting remission.
Low biomarker concentration (picomolar range for proteins) in a liquid biopsy, especially during early-stage cancer [3] , is an important technological challenge that can be addressed by methods for achieving a lower limit of detection (LOD) and improved signal-to-noise ratio (SNR). One such approach is the protein microarray, which generally utilizes the natural affinity of antigen-antibody interactions in immunoassays. Furthermore, DNA [19] , [20] and protein [9] , [20] - [23] microarrays printed on photonic crystal (PC) surfaces can result in signal amplification of up to 8000x compared to microarray assays performed on ordinary glass substrates and scanned using a conventional fluorescence reader. Thus it is desirable to integrate PC-based fluorescence amplification technology into an automated platform for detecting bloodborne cancer biomarkers from a liquid biopsy [20] . PCs are comprised of a periodically modulated surface of alternating high and low refractive index (RI) materials ( Fig. 1(a) ). The PCs used in this work consist of a low RI silicon dioxide (SiO 2 ) subwavelength one-dimensional grating structure coated with a high RI titanium dioxide (TiO 2 ) layer, as described in the Methods section. With the correct combination of incident wavelength and angle, the "on-resonance condition" is fulfilled, resulting in PC enhanced excitation. A standing wave is generated within the TiO 2 layer of the PC and extends into the surrounding medium (in this case, air) above the PC surface in the form of an evanescent field, and fluorophores on the PC surface are exposed to greater illumination intensity than they would receive if they were on an ordinary glass surface. While a similar effect could be achieved by utilizing a more powerful laser, PC enhanced excitation achieves amplification of only surface-bound fluorophores [24] , [25] , reducing background fluorescence and enabling the use of an inexpensive, low-power laser diode as the light source. Importantly, the detection instrument (Fig. 2) incorporates a motorized stage which enables tuning of the incident laser angle to its optimal on-resonant state, at which the greatest enhanced excitation effect occurs. In addition, PC enhanced extraction occurs for any photon emitter that approximately matches the wavelength of a resonant mode of the PC surface and directs emission to occur normal to the PC surface. This enables the detection optics to collect a greater proportion (5-10×) of all emitted photons, regardless of whether the enhanced excitation condition is met. PC enhancement can also be utilized to couple energy into nanoparticles [26] and Raman emitters to increase detected photon output [27] .
In this work, we present an implementation of PCEF that is compatible with a POC testing environment [28] , [29] . The PC is embedded in a low-cost, easily manufacturable, single-use, disposable cartridge into which the user introduces a single droplet of serum. The cartridge is inserted into an assay automation station containing reservoirs of two reagents (wash buffer and fluorophore-labeled secondary antibody). Due to the length of time required for the incubation steps of the assay, it is important for independent test samples to be assayed simultaneously. Thus, a cartridge that enables multiplexed testing of up to four samples has been designed. After the assay is complete, the cartridge is inserted into the laser-scanning detection instrument. While the current instrumentation is semi-automatic and requires manual adjustment of the incident angle for optimal on-resonance illumination, we envision a completely automatic setup in which all scanning and detection steps occur with minimal user input.
We demonstrate the PCEF platform for detecting anti-E7 antibody, a biomarker for human papillomavirus (HPV)-associated oropharyngeal cancer (OPC), representing an application with a significant unmet clinical need that can benefit from POC analysis. The presence of host antibodies against specific viral proteins can provide valuable information regarding the disease state. HPV is commonly associated with various cancers, and of the ∼200 different types of HPV, fifteen are considered high-risk due to their oncogenic potential [30] . Those categorized as "high risk", such as HPV types 16 and 18, produce oncoproteins that are particularly adept at inducing genomic instability and halting growth regulation pathways in cells [30] . While antibodies against the capsid protein L1 are indicative of an HPV infection or successful vaccination status [8] , other proteins produced early in the viral life cycle-specifically E6 and E7-are known to play important roles in initiating and maintaining the malig- nant transformation of host cells, including the degradation of tumor suppressors p53 and Rb [30] . 40-80% of OPC cases have been attributed to HPV, and of these, up to 90% are caused by HPV16 [31] . Importantly, 63-69% of OPC cases have been demonstrated to be seropositive for HPV16 E7, with IgG antibodies to either E6 or E7 detected in less than 4% of healthy controls [7] , [32] , [33] . The identification of HPV association is clinically important, as the recommended therapy will be partially determined by HPV exposure, and HPV-OPC patients have a better prognosis than non-HPVassociated OPC patients [31] . Here, we focus on using the PCEF assay platform to detect anti-E7 IgG antibodies in spiked serum samples and in clinical samples with unknown anti-E7 antibody concentration to demonstrate its potential use in clinical diagnostic applications.
II. METHODS

A. Preparation of the Photonic Crystal Sensor in Disposable Cartridges
PCs with a 40 nm grating depth, 360 nm period, 36% duty cycle, and 150 nm-thick, high refractive index (RI) TiO 2 layer atop an 840 nm-thick low RI SiO 2 layer ( Fig. 1(a) ) were fabricated on 8-inch-diameter silicon wafers and diced into 2 mm × 8 mm pieces ( Fig. 1(b) ) for incorporation within single-and four-channel microfluidic cartridges ( Fig. 1(c) ) as described previously [20] , [22] . Fabrication upon silicon wafers using tools and methods that are conventional for integrated circuit manufacturing assures a high degree of intra-PC uniformity and reproducibility between independent PCs within a wafer and between wafers. All PCs have a resonant wavelength near 628 nm, with a bandwidth of ∼2 nm, and a resonant reflection efficiency of ∼80%. The devices are designed for utilization in an air environment, and resonant reflection spectra have been reported previously [20] .
In preparation for deposition of capture proteins, the PCs were treated with (3-glycidyloxypropyl)trimethoxysilane (GPTMS) using a vapor-phase silanization process, as follows: PCs were sonicated sequentially in acetone, isopropanol, and ultrapure water for two minutes each, dried with N 2 , and then heated in an oven at 80°C for 10 minutes. PCs underwent oxygen plasma treatment for 2 minutes at 100 W and 0.75 mTorr. Plasma treated PCs were immediately placed in a closed glass container with GPTMS under nitrogen and incubated overnight (12-16 hours) in a vacuum oven at 80°C and 30 Torr. After silanization, the PCs were sequentially sonicated in toluene, methanol, and ultrapure water for two minutes each, dried with N 2 , and stored for up to a month under vacuum prior to protein microarray printing.
The protein microarray consists of ten rows of each protein column (shown schematically in Fig. 3(a) ): 50 µg/mL Alexa Fluor 647 conjugated streptavidin (AF-SA, positive control); 160 µg/mL bovine serum albumin (BSA, negative control); 12.5, 25, and 50 µg/mL Protein A/G (experimental control); and 457.6 µg/mL protein E7 (prepared by the Anderson Lab at Arizona State University, ASU [34] ). Protein microarrays were printed in-house using a non-contact printer (GeSiM Nano-Plotter 2.1) with piezoelectric pipetting tips (Nano-Tip A-J, designed for dispensing 0.25 nL droplets). Printing was performed in an enclosed environment at ambient temperature (24-28°C) and 60% relative humidity. Proteins were incubated overnight under these same conditions, allow-ing the formation of covalent bonds between the amines of the proteins and the epoxy functional groups on the silanized PC. The protein microarrays were then imaged using a brightfield microscope ( Fig. 3(b) ) and dried in the desiccator for at least 10 minutes to minimize spot smearing. The PCs were blocked with 1% casein in 1× PBS (Bio-Rad) for one hour to inhibit nonspecific binding. PCs were transferred into 1× PBS (Sigma-Aldrich), removed after 10 minutes, dried with N 2 , and stored in a sealed, desiccated container at 4°C.
A custom-designed alignment press was used to assemble 25 mm × 75 mm × 8 mm single-channel and four-channel cartridges from layers of laser-machined acrylic of varying thicknesses and double-sided adhesive (DSA; 3M, #8212) of approximately 150 µm thickness. The cartridges are composed of: (1) a ¼-inch acrylic base layer, (2) three connective DSA layers, (3) a 1/32-inch PC cavity layer, and (4) a flow layer composed of two DSA layers ( Fig. 1(d, e) ). PCs with protein microarrays were inserted into the assembled cartridge, and the top was sealed with a 0.170 mm glass coverslip with minimal autofluorescence (Schott NEXTERION) immediately before performing the assay.
B. Fluorescence-Linked Immunosorbent Assay (FLISA) in the Automated Microfluidic Platform
The fluorescence-linked immunosorbent assay (FLISA) was performed in the microfluidic cartridges as shown in Fig. 3(c) . For the dose-response assays, 6 µL of a twenty-fold dilution of human male AB serum (Sigma-Aldrich) in PBS spiked with known concentrations of mouse anti-E7 antibody (Santa Cruz Biotechnology) was manually pipetted into each of the four sample inlet holes in the four-channel cartridge. Forty clinical samples which had previously been approved for clinical testing as part of the HOTSPOT study (IRB-36563) [35] were provided by the Anderson Lab (ASU). Assays on the clinical samples were performed in single-channel cartridges with 10 µL of twenty-fold dilutions of the clinical sample in PBS.
The test sample was introduced by micropipette into the inlet hole of the microfluidic cartridge, where capillary action drew the liquid to cover the PC surface. Following a 3-hr incubation of the sample at room temperature, the cartridges were connected to an automated setup for controlled flow of reagents. To wash away unbound material from the serum sample, PBS-Tween 20 (PBST, Sigma-Aldrich) was flowed for 30 s at 30 mBar, followed by N 2 gas for 10 s at 50 mBar, and flow-through of secondary antibody tagged with Alexa Fluor 647 (Jackson ImmunoResearch) for 20 s at 30 mBar. The secondary antibody, used to label the captured analytes, was comprised of one of the following: (1) A 1:1 mixture of 1 µg/mL goat anti-mouse antibody (for detecting spiked mouse anti-E7 antibody) and 1 µg/mL goat anti-human antibody (for detecting unidentified human antibodies bound to Protein A/G spots), used for the dose-response assays and (2) 1 µg/mL goat anti-human antibody, used for assays performed on clinical samples. PCs were incubated with the secondary antibody solution for 1 hour at room temperature, followed by automated flow of PBST for 30 s at 30 mBar.
PCs were then dried with N 2 flowing through the channel for 4 minutes. Finally, cartridges were removed, covered in foil, and stored in a desiccator at room temperature for at least two hours, until scanned.
C. Laser Line-Scanning Detection Instrument
The laser line-scanning instrument, shown schematically in Fig. 2 , incorporates an apodization filter into the optical path after the cylindrical lens. The laser line has a Gaussian profile as measured along the length of the scan line, which results in non-uniform illumination of the fluorescent spots across the width of the chip, as spots in the center of the line receive approximately 2× greater intensity than spots displaced only 200 µm from the center. The consequence of this non-uniform illumination is a large standard deviation of spot intensities of replicate assay spots. The apodization filter partially attenuates the center of the scan line, resulting in more uniform illumination and ensuring that the fluorescence intensity at the line edge is similar to the fluorescence intensity at the center (Supp. Fig. 1(a) ). The apodization filter was fabricated by depositing a thin 12 nm layer of gold, 4 mm in diameter, at the center of an optically transparent glass plate (Supp. Fig. 1(b) ).
The surface of the PC was scanned using the customdesigned laser line-scanning instrument to capture images of the fluorescently tagged protein spots (Fig. 3(d) ). Importantly, the instrument is able to precisely adjust the incident angle of the laser illumination via motor-controlled linear translation of the distal end of the optical fiber that supplies light to the PC. The focal point of the cylindrical lens is at the back focal plane of the objective lens, so linear translation of the fiber tip results in modulation of the angle of light incident on the PC surface. In our system, a 500 µm linear translation of the fiber end results in an approximately 1.59°modulation of the angle of incidence, and the angle can be controlled with 0.025 degree accuracy.
To initiate the scanning process, the PC resonance angle at the anti-E7 spots was measured directly by scanning the incident angle from 0 to 8 degrees. Anti-E7 spots near the edge of the PC were used for this procedure so as not to photobleach the spots that are later scanned for analysis and quantification. The on-resonance angle of the anti-E7 spots, at which maximum fluorescence intensity is emitted, was recorded. Then, the sample stage was translated to an unscanned area of the chip to perform an on-resonance scan followed by an off-resonance scan (at an incident angle of 8°). On-and off-resonance scans are performed in the same area, encompassing 3-4 rows per column of printed protein spot on the PC surface, to estimate the enhancement factor contributed by the enhanced excitation mechanism.
The pixel size of the CCD camera is approximately 16 µm × 16 µm. After 10× magnification, this equates to a 1.6 µm × 1.6 µm square region of the sample, so images were gathered at 2 µm increments in the direction perpendicular to the laser line. A sliding window algorithm combines the fluorescence intensities of five consecutive scan lines per location to generate a single fluorescence intensity image of the surface. In other words, although the pixel width in the scan direction is only 2 µm, we capture a 10 µm image to get fluorescence information for 2 pixels away from the center in either direction. This ensures that we get the best estimate of fluorescence output due to the Gaussian intensity distribution of the laser intensity in the direction perpendicular to the scanning line.
To perform data analysis on the fluorescence intensity images, we have implemented an automated algorithm to find and analyze the spots (Fig. 3(e) ). The algorithm uses Bernsen filtering and watershedding to identify local differences in intensity and to separate any unintended "satellite spots" (smaller, residue spots formed when more than one droplet is expelled from the printer tip during protein microarray printing) from the main printed protein spots [36] . Spots are also filtered by size and shape to exclude non-elliptical objects and background artifacts. This algorithm takes as input the raw fluorescence intensity data and outputs spot statistics, including median intensity, standard deviation, and average intensity of each column of spots. Each column represents either the positive control, negative control, experimental control, or target biomarker.
A representative blank area of the PC is selected to determine the background intensity, and its median intensity is subtracted from the median intensity of the corresponding protein spot, thereby accounting for vertical variations in the PC or in the laser line illumination. This method provides minimum covariance between spots, compared to other statistical analysis methods (e.g., average or maximum spot intensity, excluding background subtraction) [37] . The enhanced excitation factor, defined as the on-resonance intensity divided by the off-resonance intensity per assay column, is computed by averaging each background-subtracted spot column and provides insight as to how accurately the on-resonance angle has been determined.
III. RESULTS AND DISCUSSION
A. Validating the Method for Finding On-Resonance Angle
To validate our method of finding the on-resonance angle, we used semiconductor quantum dots (QDs) to quantify the output intensity at incremental deviations from what we determined to be the optimal resonance angle. QDs do not photobleach as quickly as organic fluorophores, enabling repeated scanning of the PC with a relatively stable emitted light intensity between subsequent scans. Even though the wavelength of the 637 nm laser in the scanning setup is not the optimal excitation wavelength for QDs, it is sufficiently within their excitation spectrum to cause them to emit a detectable signal. We obtained the on-resonance angle for different concentrations of the anti-E7 antibody and measured the fluorescence intensity at angles near the on-resonance angle (Supp. Fig. 2 ). The background-subtracted QD intensity is always maximized at the on-resonance angle, with the intensity decreasing as the incident angle deviates from the resonance condition. While intensity is largest at the resonance condition, the decay on either side is asymmetric. This discrepancy can be explained by the order in which these scans at different angles were performed, as the QDs gradually photobleach (significant decrease in intensity could not be detected after 3 minutes of continuous illumination) [38] . The PCs were first scanned at the on-resonance condition, followed by −0.2°, then +0.2°, then −0.4°, and finally +0.4°away from the on-resonance condition.
B. System Automation for Rapid Disease Screening
The assay workflow was devised to make the entire system automated and amenable to rapid processing for POC assays. The cartridge presented here is capable of testing four samples simultaneously and may be expanded to many more. The ability to multiplex samples decreased the time required to run batches of samples by approximately 7-10 minutes for each additional sample. A four-channel cartridge holder incorporating flanged tubing and press-fit connections was designed to interface with the cartridge and automated flow system. The use of laser-cut acrylic is cost-effective ($0.62/cartridge) for single-use disposable applications, especially compared to 3D-printed cartridges ($5/cartridge).
The automated spot-finding and analysis algorithm described in the Methods section reduced both data analysis time and user bias. Our algorithm ensures that all spots are analyzed in the same manner and that comparison between different data sets is statistically valid. While other groups have reported spot-finding algorithms [39] , ours is specifically applicable for fluorescence assays, which includes distinguishing main spots from satellite spots while tolerating non-uniformity in spot size, location, and spacing on the PC surface.
C. Dose-Response Characterization
A dose-response curve for anti-E7 antibody spiked into serum was generated for concentrations ranging from 1 ng/mL to 1000 ng/mL (6.7 pM to 6.7 nM) for both on-and offresonance conditions. Intensities obtained from calibration tests performed on different days were compared to each other by normalizing to the intensity at 100 ng/mL anti-E7 antibody on the corresponding day. A comparison of the on-and offresonance calibration curves (Fig. 4) demonstrates the ability of the enhanced excitation phenomenon at on-resonance to bring spot intensities above the LOD to detect spots that otherwise would be classified as undetectable. While spot intensities for samples below 10 ng/mL are below the noise (defined as 3 standard deviations above the background) at off-resonance, the fluorescence enhancement of the on-resonance condition brings the spot intensities clearly above the numerical LOD at 10 ng/mL and even allows the spots to be visually detectable at 1 ng/mL (Fig. 4 inset) . Due to signal saturation as a result of the enhancement, the sigmoidal curve begins to plateau sooner-between 100 and 250 ng/mL-in the on-resonance condition, while the off-resonance calibration curve does not appear to plateau within the range of tested concentrations. Furthermore, the approximate linear range of the on-resonance condition is narrower and spans the lower end of concentration values, ranging between 25 and 200 ng/mL, while the linear range at the off-resonance condition is broader but spans the higher end of the concentration values (approximately 100-500 ng/mL). By scanning a sample at both Dose-response curves obtained at (a) off-resonance and (b) on-resonance conditions for concentrations ranging from 1 ng/mL to 1 µg/mL of anti-E7 antibody. Intensities were normalized to the 100 ng/mL for each assay date. Insets show the line-scan images of the anti-E7 spots for 1, 10, and 100 ng/mL. Error bars represent ±1 standard deviation.
on-and off-resonance conditions, the platform could potentially quantify concentrations between 25 and 500 ng/mL (0.17-3.33 nM) of the target antibody in a sample, while detecting concentrations as low as 1 ng/mL (6.7 pM).
In addition to increasing the spot intensity, the on-resonance condition results in higher noise as intrinsic variability in the assay is amplified, resulting in varying enhancement factors (Supp. Fig. 3 ) and larger error bars at on-resonance compared to those at off-resonance. This intrinsic variability is predominantly caused by variations in spot density that occur during the drying process, called the coffee-ring effect, where the center has a lower protein density and a higher density ring is formed on the edge of the spot. The PC is sensitive to these variations, meaning that the on-resonance condition is either for the center or outer part of the ring, but not both. Additionally, non-specific binding introduces background noise that we were not successfully able to eliminate on these samples.
D. Clinical Samples
A total of forty clinical samples (gathered from 20 OPC patients and 20 healthy controls) were assayed using the PCEF platform at on-and off-resonance. Conventional ELISAs were run concurrently on aliquots of the same samples by the Demirci Lab (Stanford University) [34] . Our goal here was to evaluate the diagnostic capability of the PCEF platform to provide positive/negative discrimination of the presence of anti-E7 antibody, rather than to assess the clinical relevance of the antigen-antibody interaction of protein E7 and anti-E7 antibody in OPC patients. Therefore, the ELISA-an established diagnostic method-was chosen as the gold standard reference.
All OPC patient samples, plus three control samples, had detectable anti-E7 antibody when tested with ELISA, resulting in a total of 23 positive ELISA samples and 17 negative ELISA samples. Samples were filtered out of the final analysis if any inconsistencies (i.e., low positive control spot intensity or enhanced background instead of target spot) were present in the raw PCEF images and/or intensity values, reducing the final sample size from 40 to 31 (14 ELISA-positive and 17 ELISA-negative).
Receiver-Operator Characteristic (ROC) curves were generated based on the normalized spot intensities for both on-and off-resonance conditions from this final set of data, as shown in Fig. 5(a, b) . As mentioned previously, the averages of the background-subtracted median spot intensities were normalized by the averaged background-subtracted median spot intensity for serum spiked with 100 ng/mL anti-E7 antibody, which served as a positive control for each batch of tests. The area under the curve (AUC) was 0.83 and 0.76 at off-and on-resonance, respectively, with an optimal specificity of 0.71 at a sensitivity of 0.79 for both off-and on-resonance conditions. Based on this specificity-sensitivity pair, the cutoff intervals were determined to be [0.20, 0.32) and [0.57, 0.61) for off-and on-resonance, respectively. In other words, samples with normalized intensity values greater than or equal to 0.32 were considered positive, while those with normalized intensity values less than 0.20 were considered negative at off-resonance. Similarly, at on-resonance, samples with normalized intensity greater than or equal to 0.61 were considered positive, while those less than 0.57 were considered negative. The cutoff range is relatively large at off-resonance due to the limited number of samples and the tendency for the values to be clustered at the lower range at the off-resonance condition (Fig. 5(c) ). However, the range is much smaller at on-resonance, which tends to enhance the signal such that the values are spread out toward the upper range ( Fig. 5(d) ).
In almost all cases, the fluorescence intensity of the anti-E7 antibody spots was enhanced to a visible level at the on-resonance condition. The samples were enhanced variably between the off-and on-resonance conditions, with an enhanced excitation factor ranging between 10× and 25× for most samples, and up to 100-200× in a few cases. (Note that the enhanced extraction factor of ∼10× is always active.) The intensities are noticeably higher at on-resonance compared to those at off-resonance, hence several samples which were considered negative at off-resonance became positive when measured at the on-resonance angle.
While Supp. Table I tabulates the results from all the acceptable samples, Fig. 5(e) shows the off-and on-resonance E7 spot images obtained with PCEF, compared to the ELISA results and OPC status of select samples. Samples 1 and 2 represent those samples in which both the off-and on-resonance results correlated with both the ELISA and OPC status. Samples 3 through 9 represent samples in which there were discrepancies between the quantitative PCEF results and the ELISA status. More specifically, samples 3 through 5 indicate instances where at least one PCEF result (off-or on-resonance) was positive for an ELISA-negative sample. Overall, the high rate of false positives (29%) may be attributed to the increased ability of the PCEF system to enhance the signal intensity, perhaps indicating a higher sensitivity than the ELISA. Meanwhile, samples 6 through 9 represent cases in which at least one PCEF result was negative for an ELISA-positive sample. Sample 9 is the one case in which both PCEF results were negative for an ELISA-positive sample. When treated separately, the false negative rate was 14% for both the off-resonance and on-resonance conditions. However, when the two results are combined such that any sample found to be above the cutoff range for either off-or on-resonance is considered to be positive, the false negative rate decreases to 7%, while the false positive rate increases to 41% (corresponding to 59% specificity and 92% sensitivity).
Furthermore, a qualitative (rather than quantitative) analysis by visual inspection of the on-resonance images at a fixed intensity range from 0 to 3.2×10 5 arbitrary units (A.U.) shows all of the ELISA-positive samples to be positive, resulting in a sensitivity of 1.0 (but specificity of 0.12). A similar qualitative analysis of the off-resonance images at a fixed range from 0 to 1.0 × 10 5 A.U. results in a specificity of 0.76 and sensitivity of 0.64. As seen with sample 9, a relatively high background can result in a low numerical value, so that it is found to be below the cutoff value in a quantitative analysis, even though it is clearly visible in a qualitative analysis.
The detection of anti-E7 antibody in the plasma samples of healthy controls in the "false positive" cases discussed above can be attributed to the fact that these biomarkers may be detected in the blood serum before the tumor has taken a detectable form. Of the possible biomarkers for HPV16, the late proteins such as L1 and L2 are detectable in patients who have HPV16, whether it is currently active or not. It has been hypothesized that the early proteins, such as E7, may be more indicative of a cancer-related HPV infection, because these proteins are produced in the cytoplasm of cells and are not readily exposed to the blood. However, as long as an infected cell undergoes apoptosis or necrosis, antibodies against the protein may still be detected in the blood independent of the presence of a tumor, potentially explaining the detection of anti-E7 antibody in the serum of OPC-negative healthy controls. However, the enhanced fluorescence mechanism of our assay increased the false positive rate, and the results suggest that the anti-E7 antibody may not be as promising for the clinical diagnosis of HPV-OPC as initially expected.
IV. CONCLUSION Technologies for understanding disease pathogenesis, monitoring disease progression, and determining treatment efficacy are important for prompt diagnosis and improved prognosis of diseases, particularly cancer. Diagnostic tools best suited for this purpose are simple, rapid, and automated, with the ability to detect multiple targets in a biomarker panel from a low sample volume extracted through a minimally invasive method such as a finger-prick. In this work, we presented a fluorescence-based platform combining automated microflu-idic assay instrumentation with a photonic crystal resonance coupling system that significantly reduces user error, decreases testing time, and has the potential for multiplexed biomarker panel detection. The potential for the PCEF assay system to be used in clinical applications was demonstrated by a doseresponse characterization and clinical sample testing from single droplets of serum for anti-E7 antibody, a potential biomarker for HPV-OPC. An estimated combined linear range of 25-500 ng/mL (0.17-3.33 nM) was demonstrated when the dose-response of both off-and on-resonance conditions was considered, while concentrations as low as 1 ng/mL (6.7 pM) were visually detectable at on-resonance. In particular, the PCEF assay system was compared to the conventional ELISA test and has been shown to be able to bring undetectable spots at the off-resonance condition and in the ELISA above the detectable range. The current system, with its combined 7% false negative rate and 41% false positive rate, could serve as a useful tool for early screening, with semi-quantitative results placing clinical samples as either positive, negative, or indeterminate if the values lay within the cutoff interval.
The system can be further characterized and improved to make it more suitable for use as a quantitative diagnostic tool, which requires higher specificity. The protein microarray capability in the assay workflow can incorporate additional clinically relevant proteins in a protein biomarker panel to further improve the specificity of the system for diseases such as HPV-OPC. Furthermore, while the LOD achievable with the PCEF platform may be unnecessarily low for serum anti-E7 antibody-the clinically relevant range of which was shown to be in the high pM to low nM range via ELISA-this platform is easily adaptable to other diseases with significantly low biomarker concentrations.
